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¢ Naturalness in SUSY
¢ Indirect Probes: Higgs couplings, EWPT, ...
¢ Direct Production at Colliders

¢ Cosmic Probes




NATURALNESS IN SUSY

There will be intensive discussions of definition of naturalness in this workshop.
I will only mention the one that I agree with and focus on the phenomenology.

Let’s start with MSSM: at tree-level
2 )
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To get a 125 GeV Higgs, one needs a large quantum correction

or to go beyond MSSM.




For moderately large tan {3, tan 5 > 2,

mi =) (’,LL|2 an m%-[u ‘tree - m%—]u|rad)

Natural EWSB means that no large cancellations among terms
on the right-hand side to get the correct physical Higgs mass.

This leads to naturalness requirements:

At tree-level: light Higgsinos: Il - m

At one-loop level: light stops (with mass = 700 GeV to avoid more than

10 % ﬁne-tuning Papucci, Ruderman and Weiler 2011) SUSY bre aking
082 ; " mediation scale
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In MSSM, to get the Higgs mass

to be 125 GeV, a large quantum correction
must be introduced with multi-TeV SUSY
breaking parameters;

the fine-tuning is worse than a few percent.

| X¢| 2 1000 GeV, Mg 2 500 GeV.
Mg = (m;,m;,) 2
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Caveats: Scherk-Schwarz SUSY breaking models:

Dimopoulos, Howe, March-Russell; Craig, Lou 2014
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Stops are scalars themselves and they can receive quadratic
corrections from gluinos

Na¥!
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To avoid large cancelations, gluinos have to be not too heavy, i.e, below
2 TeV to avoid 10% tuning or worse.
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Alternative Routes for SUSY

Keep naturalness: go beyond MSSM: NMSSM, ASUSY...

Alleviate collider constraints: RPV, compressed SUSY,
folded SUSY, Stealth SUSY ...

/
\

Give up strict naturalness: for example, mini-split SUSY
SUSY still stabilizes most of the hierarchy, preserves gauge coupling
unification, provides DM candidate. Ameliorates flavor and CP problem

125 GeV Higgs boson




HIGGS COUPLINGS ON NATURALNESS

A YN\

Stop effect: ( m2 +m2+hg X )

m
* 2 2 5
mtXt mU3+mt+AuR

t 2
e lalogDet ms

' Ui
Low energy Higgs theorem  rf, = 32 ~ A
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These are all well-known results; I just want to present a little cute
way to visualize the constraints of the data and extract the bottom line:
what do measured Higgs couplings tell us about allowed stop masses?




three free parameters
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Assume only stops modify Higgs coupling (assuming Yukawa couplings are

not modified)
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Fan, Reece, 2014

Higgs coupling measurements rules out that both stops with mass below 400 GeV in the case

when stops are the only contribution to the Higgs coupling modification.

These constraints apply no matter how stops decay and suggest a minimum electroweak fine-
tuning of between a factor of 5 and 10.

Independent of how stops decay and is complementary to direct searches !
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Also holds for non-colored

top partners as in folded SUSY
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COLLIDER PROBES

(GGluinos: current bounds above TeV
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Stops: current bounds close to 700 GeV but with loopholes

¢ =TT AN 55 " Stealth stops
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S‘ -llllllllllllllllllllllllIllllllllllllllllllllllllllll'llll-
@ 600 - ATLAS Preliminary L, =20-21 0" 158 TeV L, =4.71b" 157 TeV
0 I S o, tety (L ATLAS.CONF. 2013404 0 [1208 1447 "
= - Tp— Observed limits =3l L E:.n;l 1L ATLAS CONF 2013437 1L [1208 2550] il
E?N 1 L I,-olif SLATLAS CONP.2013.008 211200 4108 i
. === Expected limits B L Wb 3 ATIAS.CONF-2013.048 i
500 = e 0L mono-gtictag.t e 0L Moo Jatie tag, CONF.2013 068 [
- Al limits at 95% CL — oL M em 50V . 1308 268 I
s —_— I.ZL.T. »bi"‘.mL-looGev . 21 [10843(8) 1A (1209 290)
- W COF 26f'[1203.4171) W 1L L »bY,m =150 GeV 11 CONP-9013-007. & 13089601 -
400 - S— 2L, l.-:bi:. m_ =m 10 GoV A ATLAS-CONF 2013048 . -
- - R ', M = 2xm, 1L CONF-ANI07, 7 CONFINID48 10 (1208 21(2) 4
~ ~ - ).-o ~ .‘o ~ _o ~ .'o n ” N
: ,—=b¥x J,—»W‘ 3 l,—»cx, /l,—)WbL “|—-)tx| : Trlcky ReglOnS:
300 - -

lllllllll

‘\l\

100

wl

<!~“-L‘£----—"‘

[1<]

-
-

AL A 1

| I | | 1111111” !
200 300 400 500 600 200 300 400 500 600 700

m; (GeV]




{ ]
11
w44
ot

Higgsinos: EW production; relatively less constrained;
constraints obtained mostly in scenarios with inflating brs to leptons.

LSP mass [GeV]
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One goal of LHC14: close in the loopholes and search for hidden naturalness

Example 1: RPV Look like QCD bg; but QCD doesn’t share energy
among jets evenly

Gluinos

(a) 6-quark model (b) 10-quark model
q q

ATLAS-CONF-2013-091
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| |
g
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Other simplified models and search strategies:

g—tt, t—10b5
Same-sign dileptons or

g—tt, t"—bs

o 95% c.l. exclusion limits: CMS SSDL+b jets+MET search
Bounds again up to 8oo GeV |

(Berger, Perelstein, Saelim and Tanedo 2013)
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RPYV stops:
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Example 2: Stealth SUSY Fan, Reece and Ruderman

2011, 2012
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More new simplified models: decays of lightest superparticle in the
visible sector into a hidden sector (S: a SM gauge singlet)

Hj
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i < S +h,Z 1%1 > i
__________ S
Sy Sl NN g L X7 g Y
S
& +S S
Gord S
Gord  [ittle MET
Lots of W/Z/h/t |

LSP: gravitino or axino, naturally light and carry away little MET;
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Fan, Krall, Pinner, Reece and Ruderman, work in progress

g—-1—-H-8-G Simplified Model
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In general, it is hard to hide gluinos!

Other simplified models: Evans, Kats, Shih and Strassler 2013




It is harder to bound with current searches the direct stop
productions in the simplified models of stops

One possible way is to use the jet counts in top events

CMS Preliminary, 19.6 fo' at /s = 8 TeV
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It is harder to bound with current searches the direct stop
productions in the simplified models

One possible way is to use the jet counts in top events

CMS Preliminary, 19.6 fb' at \'s = 8 TeV
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Events

Expected/Data
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ATLAS 1407.0891: jet multiplicity and pT distribution;
Data: SM-like; can be used to bound new physics!
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(b) p+ jets, pr > 25 GeV
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Look forward to the future: Cohen et.al 2013; Cohen et. al 2014
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Summary:

It is difficult to hide gluinos even in the hidden natural scenarios!
The bounds are around TeV in most simplified models.

From the naturalness point of view, gluinos shall not be much
heavier above 1 TeV:

Discover gluinos around the corner or corner naturalness?

Stops and higgsinos are more challenging due to small production
rates. For the stops, close in the gaps of stops with masses
close to top (e.g: top production cross section:

Czakon, Mitov, Papucci, Ruderman, Weiler 2014; ATLAS 2014)
and stops with more complicated decay topologies.




COSMIC PROBES

Indirect probes

Particularly interesting for wino DM in mini-split scenario
based on anomaly mediation;

Direct detection challenging for wino DM o0, ~107*" cm?

Hisano, Ishiwata, Nagata and Takesako; Hill, Solon 2011

But wino DM has a large annihilation cross section with Sommerfeld
enhancement

W+ ad




Fan, Reece; Cohen, Lisanti, Pierce and

100 e
f Slatyer 2013; First notice of HESS constraint on
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Combined with constraints from continuum photons from galactic center,

pure wino DM in the whole range from 100 GeV to 3 TeV (with the possible
exception of a range between 700 GeV and 1.4 TeV) is ruled out for both NFW
and Einasto profiles.




Cusp or core? Effect of astrophysical uncertainties
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Minimal radius of the inner constant density core
that will remove the HESS bound

Decide between two possibilities:

Pure wino DM is ruled out assuming a cusp profile: NFW or Einasto profiles;
Milky Way has a cored profile with a large core radius

(Milky Way’s own cusp/core problem?)
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From the top-down view; it is easy to get a non-thermal contribution to
the DM relic abundance in high-scale unnatural SUSY.

In high-scale SUSY, there exist ubiquitously heavy particles with masses
tied up with the SUSY breaking scale and gravitational coupling strengths:
gravitinos, moduli. Their late-time decays before BBN could populate DM!

In this context, non-thermal production arises generically and shall be taken
more seriously.




Heavy unstable gravitinos

Gravitinos 10 - 104 TeV,
decays of gravitinos populate the DM
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For heavier gravitinos with mass above 10+ TeV;

DM produced from gravitino decays could annihilate effectively,

reducing the number density down to

e w = 3H/ <0effv>

14
1077 )
3 ‘-‘ m3, =10% TeV
10 -“ 1
“
10125 \ |
1011 |
ol Q;h*=012
107" HESS line (1301.1173)
Hooper et. al. GC(1209.3015)
109 | | ‘ | ‘ R B D
200 300 500 700 1000 1500

myy [GCV]




Gravitinos 10 - 104 TeV (mini-split),
decays of gravitinos populate the DM

Fan, Jain, Ozsoy 2014
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In high-scale inflation scenario,
given order O(0.1) tensor-to-scalar ratio
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More dramatic non-thermal history: late-time matter domination phase

of moduli Moroi, Randall 1999 )
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More cosmic observables:

Non-gaussianity and squeezed limit scaling Craig, Green 2014
b g

Single field consistency condition

i (G G Ga)' = P (k1) P (ks) [(ns = 1) + OGR3)]

In the presence of additional massive scalar with m - H

12 equil. k3\“
i N% lca X Pc(kl)PC(kg) mic
5 k1

m?
H2

3 9
s o\ i

Measuring squeezed limit scaling & < 2 could probe scalars in split
SUSY that couples to the inflaton.




Conclusion

We are lucky to be in a data-rich period.
Naturalness is constrained but not ruled out yet.
It is important for theorists to keep working out

new search channels and simplified models as well as
better observables.
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m.o [GeV]

Use top cross section to constrain stops

vary neutralino mass
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Direct and indirect probes of Higgsino DM

Non-—thermal B/H; tan 8 = 2

Non—thermal B/H; tan 8 =2
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